GaN/InGaN multiple quantum wells (MQW) is a promising material for high-efficiency solid-state lighting. Ultrafast optical pump-probe spectroscopy is an important characterization technique for examining fundamental phenomena in semiconductor nanostructure with sub-picosecond resolution. In this study, ultrafast exciton and charge carrier dynamics in GaN/InGaN MQW planar layer and nanorod are investigated using femtosecond transient absorption (TA) techniques at room temperature. Here nanorods are fabricated by etching the GaN/InGaN MQW planar layers using nanosphere lithography and reactive ion etching. Photoluminescence efficiency of the nanorods have been proved to be much higher than that of the planar layers, but the mechanism of the nanorod structure improvement of PL efficiency is not adequately studied. By comparing the TA profile of the GaN/InGaN MQW planar layers and nanorods, the impact of surface states and nanorods lateral confinement in the ultrafast carrier dynamics of GaN/InGaN MQW is revealed. The nanorod sidewall surface states have a strong influence on the InGaN quantum well carrier dynamics. The ultrafast relaxation processes studied in this GaN/InGaN MQW nanostructure is essential for further optimization of device application.
INTRODUCTION
GaN/InGaN multiple quantum wells (MQW) have been widely investigated as a candidate material for light emitting diode and solar cells applications. 1 Nanostructures of the GaN/InGaN MQW significantly improves the overall optoelectronic properties by strain relaxation, improved absorption, and light extraction efficiency. 2, 3 The optimization of the GaN/InGaN nanorods based devices required an in-depth understanding of the physical properties. To investigate the enhanced optoelectronic performance and ultrafast carrier dynamics, photoluminescence (PL) and transient absorption (TA) spectroscopies are utilized to examine the photoexcited luminescence property of the GaN/InGaN MQW. [4] [5] [6] [7] To date, direct comparison of the ultrafast carrier dynamics between the as-grown MQW planar layers and the top-down fabricated MQW nanorods has rarely been reported. In this study, PL characterization and TA measurements of the GaN/InGaN MQW planar layers and densely pack nanorods were presented. The steady-state and time-resolved PL spectroscopies are used to study the impact of the rod fabrication on the performance of the GaN/InGaN MQW. TA spectroscopy compares the ultrafast carrier behaviors of the GaN/InGaN MQW in the planar layers and the nanorods. It is shown that while the PL efficiency is greatly improved by rod etching from MQW planar layers, above-bandgap blenching of the GaN/InGaN MQW also slows down in nanorods compared to the planar layers. The GaN/InGaN MQW planar layers, provided by Aixtron SE, were grown by metalorganic vapor phase epitaxy (MOVPE). The layered structures of the MQW are presented in Figure 1 (A) schematic description and (B) cross section SEM image. The ten layers of MQW (GaN barriers: 15 nm thick; InGaN well: 2.5 nm thick, 18% In content) are grown on top of a 6.3μm thick GaN layer (a 2.3μm thick n-GaN and a 4 μm thick u-GaN layer), and capped by a 250nm thick p-GaN layer. 3 Nanorod fabrication:
Nanosphere lithography has been applied to fabricate the nanorods from the GaN/InGaN MQW planar layers. A SiO 2 nanospheres monolayer (700 nm diameter, Thermo Scientific) was deposited on top of the planar GaN/InGaN MQW layer by the Langmuir-Blodgett approach (Kibron Microtrough). As a lithography mask, the nanospheres monolayer were shrunk down to the desired diameter (500 nm) with a high hexagonal periodicity by reactive ion etching (RIE, Oxford Instruments Plasmalab 100) in a CF4/SF6/H2 plasma. The nanorods are then etched using a Cl2/Ar gas mixture. By immersing the sample into hydrofluoric acid (5%) for two minutes, the nanosphere masks were washed off from the nanorods. Steady-stated PL measurement was done by a FluoroMax-4 spectrofluorometer (Horiba), with samples excited by a 150W Ozone-free xenon arc lamp at a wavelength of 380nm. The time-resolved PL decay trance (TRPL) were measured on a Micro Time 200 (Picoquant) confocal microscopy using Time-Correlated Single Photon Counting (TCSPC) technique with a laser excitation at 405 nm at 5 MHz repetition rate. Both the use of the wavelength of 380nm at steady state measurement and 405nm at time-resolved measurement were intended for an excitation of the InGaN MQWs only. The detection was set at around 440nm for monitoring the MQW PL.
Ultrafast transient absorption:
Femtosecond pump-probe TA experiments were performed on the GaN/InGaN MQW planar layers and nanorods with a TA spectrometer. The laser used in this experiment is a Ti:sapphire mode-locked oscillator which seeded a regenerative amplifier. The output of the amplifier was centered at 380 nm with a repetition rate of 1 kHz and pulse duration of 100 fs, which was split into pump and probe beamlines. The 380 nm pumping laser pulses were generated using a BBO crystal. The probe beam went through a delay stage and generated a white light continuum for measurement. The probe beam was then detected by a polychromatic-CCD. The light path set up is shown in Figure 2 . 5, 8 All PL & absorption measurements were undertaken at room temperature. Figure 3 (B) compares the steady-state PL spectra of the GaN/InGaN planar layers and the nanorods when excited at 380nm. In the case of the planar layers, the PL which peaks at 444nm is originating from the InGaN MQW. The MQW PL peaks at 442, which is blue-shifted compared to the planar layers, which is due to the completive in-plane strain relaxation in the GaN barrier and partial relaxation InGaN quantum well in the nanorods. 3 The MQW PL intensity in the nanorods is impressively higher than the MQW planar layers (up to the factor of 5), which is explained by light trapping enhanced absorption, strain relaxation, and increased light extraction efficiency. 2, 4 Figure 3 (C) presents the time-resolved PL decay traces of the GaN/InGaN planar layers and the nanorods samples. The PL decay of the GaN/InGaN MQW is the much faster in the nanorods than that in the planar layers. This could be resulted from the both of the enhanced radiative recombination by lateral confinement and strain relaxation and augmented non-radiative recombination due to surface defect recombination. Figure 4 shows the TA spectra of the GaN/InGaN MQW planar layers and nanorods under a pump power density of 3W/cm 2 .
TA measurement of the GaN/InGaN MQW
Although the targeted InGaN quantum wells only occupy less than 0.25% of the total sample thickness, the absorption bleaching is still very strong (Figure 4(A)&(B) ). It is initially peaked at around at 3.11ev, which is 0.3eV higher than the InGaN quantum well band gap (2.79 eV), and gradually red shifted into the InGaN quantum wells bandgap. This bleaching peak red shift process is slower in the nanorods when compared to the planar layers, although the signal quality in the nanorods is inferior possibly due to probe beam diffusion. 
CONCLUSION
In conclusion, the optical properties and ultrafast carrier dynamics in the GaN/InGaN MQW planar layers and nanorods are characterized by steady-state and time-resolved PL, and TA spectroscopies. By fabricating the nanorods from the GaN/InGaN MQW planar layers, not only the PL intensity of the GaN/InGaN MQW is improved, but a slower absorption bleaching is obtained in the nanorods. The combination of the PL and TA spectroscopies for optoelectronic properties characterization provides a novel insight into the ultrafast carrier dynamics in GaN/InGaN MQW and aids the optoelectronic device design and performance improvement.
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